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Abstract

Receptor—ligand interactions between synthetic peptides and normal human erythrocytes were stud-
ied to determine Plasmodium falciparum merozoite surface protein-3 (MSP-3) FC27 strain regions
that specifically bind to membrane surface receptors on human erythrocytes. Three MSP-3 protein
high activity binding peptides (HABPs) were identified; their binding to erythrocytes became satur-
able, had nanomolar affinity constants, and became sensitive on being treated with neuraminidase
and trypsin but were resistant to chymotrypsin treatment. All of them specifically recognized 45-, 55-,
and 72-kDa erythrocyte membrane proteins. They all presented a-helix structural elements. All
HABPs inhibited in vitro P. falciparum merozoite invasion of erythrocytes by ~55%—-85%, suggest-
ing that MSP-3 protein’s role in the invasion process probably functions by using mechanisms similar

to those described for other MSP family antigens.
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The avalanche of sequences and data generated by elu-
cidating the Plasmodium falciparum genome has led to a
great amount of information being made available
regarding the sequences of thousands of proteins; the
current challenge lies in identifying each piece to enable
understanding their function (Gardner et al. 2002). Our
efforts in this respect have been aimed at deepening our
knowledge of antigens localized on merozoite mem-
brane, surface proteins, and proteins forming part of
organelles, since they play a potential role in initial
recognition. Merozoite membrane components have
also been the object of extensive studies and it is
hoped that they represent perfect targets for defense
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mechanisms due to their localization (Holder 1994).
Elucidating the biological function and the additional
data available concerning all these proteins is of great
importance in developing potential targets as candidates
for an anti-malarial vaccine.

These proteins are often referred to as “surface proteins”
but their relationship with the merozoite membrane has still
to be completely defined. Some authors have suggested that
merozoite surface protein-3 (MSP-3) is situated on the mer-
ozoite surface, is associated with merozoite surface mole-
cules, is comprised of a group of proteins forming an
integral part of the merozoite membrane, is secreted into
the parasitophorous vacuole, and undergoes proteolytic
processing there in different P. falciparum isolates (McColl
et al. 1994; Oeuvray et al. 1994a,b). This protein is also
known as secreted polymorphic antigen associated with
the merozoite (SPAM).

The protein’s N terminus consists of regions that are
polymorphic among different strains; the protein’s
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C-terminal domain is conserved among various parasite
isolates (Huber et al. 1997; McColl and Anders 1997;
Escalante et al. 1998). Comparable with the MSP-6
sequence of amino acids with which it presents 85% simi-
larity to the MSP-3C-terminal region, it also shares a spe-
cific ILGWEFGGG-(AV)-P sequence pattern and a
glutamine-acid-rich region (Trucco et al. 2001).

MSP-3 has ~48-kDa molecular weight fragments as
precursors of variable molecular weight. One of this
protein’s important structural characteristics is that it
has a domain composed of three blocks of tandem-repeat
heptads having AXXAXXX consensus sequences. Sera
obtained against recombinant protein and synthetic
peptides from MSP-3 conserved and variable regions
have shown these antibodies’ differential reactivity to the
parasite’s antigen, allowing an alanin heptapeptide repeat
domain to be identified as an antigenic diversity site
among MSP-3 polypeptides (McColl and Anders 1997).

Despite the diversity within and flanking the heptad
domain the AXXAXXX motif is highly conserved, as
are other features of the sequence predicting the forma-
tion of an a-helical secondary structure. Further analy-
sis of the molecule has revealed a repetitive structure
resulting in three charged helices, providing evidence
for a coil—coil structure within the molecule (Mulhern
et al. 1995). MSP-3 also contains a glutamine-acid-
rich domain and a putative leucine zipper sequence in
the C-terminal domain, when the MSP-3 gene is dis-
rupted by homologous recombination, expressing a
truncated form of MSP-3 lacking the putative leucine
zipper but retaining the glutamine-acid-rich domain.
P. falciparum merozoites lacking MSP-3 and ABRA
on their surface present reduced erythrocyte invasion
(Mills et al. 2002).

Plasmodium MSP3 may be an important target for anti-
body-mediated MSP3 protective immunity. Its importance
has been recognized, since antibodies directed against it
could prevent merozoite invasion in an antibody-dependent
cell inhibition (ADCI) assay (Ocuvray et al. 1994a; Singh
et al. 2004).

The immunogenicity and protective efficacy of
various antigen-adjuvant formulations derived either
from P. falciparum MSP-3 or glutamate-rich protein
(GLURP) were evaluated in Saimiri sciureus monkeys.
Some of the S. sciureus monkeys immunized with MSP-3
were able to fully or partially control parasitaemia upon
experimental P. falciparum blood-stage infection
(Carvalho et al. 2004; Soe et al. 2004; Theisen et al. 2004).

The protective potential of a fusion protein derived from
GLURP genetically coupled to P. falciparum MSP3 has
also been evaluated; parasite growth inhibition has been
shown in studies using mouse anti-GLURP-MSP3 IgG
antibodies in a monocyte-dependent manner. This shows
once again that MSP3 could be a valuable strategy for

future P. falciparum vaccine development (Theisen et al.
2004).

This study defines erythrocyte binding regions for
P. falciparum MSP-3 protein FC27 strain (accession
no. AAC09378) (McColl et al. 1994) that could be func-
tionally significant at the moment of invasion. The
results show that peptides bound specifically to erythro-
cytes, peptides 31193 (*'KSFINITLSLFLLHLYIYI*),
31202 “"YQKANQAVLKAKEASSYDYI??), and
31209 (*'VKEAAESIMKTLAGLIKGNNY?), were
found in the protein. It is shown that peptide binding
was saturable, having between 120-270 nM affinity con-
stants, and the effect of enzyme treatment on each of
these high binding ability peptides’ target cell binding
was determined, showing that their receptors were sen-
sitive to neuraminidase and trypsin and that, indepen-
dently of chymotrypsin treatment, all peptides had
a-helix structural elements. The possible functional
role of peptides at the moment of invasion is also dis-
cussed, bearing in mind that all of them inhibited in
vitro merozoite invasion of erythrocytes at 200 and
100 wM.

Materials and methods

Peptide synthesis

Sequential 20-mer peptides, corresponding to the com-
plete P. falciparum FC27 strain MSP-3 protein amino-
acid sequence (GenBank accession no. AAC09378)
(McColl et al. 1994), were synthesized by the solid
phase multiple peptide system (Merrifield 1963;
Houghten 1985); t-Boc amino acids (Bachem) and
MBHA resin (0.7 meq/g) were used. Peptides were
cleaved by the Low-High HF technique (Tam et al.
1983), purified by RP-HPLC, lyophilized, and analyzed
by MALDI-TOF mass spectrometry. Tyrosine was
added to the C terminus of those peptides that did not
contain this amino acid in their sequences to enable
123[_labeling. Synthesized peptides are shown in one-letter
code in Figure 1, A and B.

Radiolabeling

The peptides were '*I-labeled according to previously
described methodology (Yamamura et al. 1978; Urquiza
et al. 1996; Curtidor et al. 2001; Rodriguez et al. 2003;
Ocampo et al. 2004). Briefly, 3.2 pL Na'*’I (100 mCi/mL)
were oxidized with 12.5 pL chloramine-T (2.25 pg/nL)
and added to 5 pg peptide for 5 min at room temperature.
The reaction was stopped by adding 15 L sodium bisul-
phite (2.25 pg/wL) and 50 pL Nal (0.16 M). The
radiolabeled peptide was then separated on a Sephadex
G-10 column (Pharmacia).
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A Specific Binding Activity of the MSP-3 Synthetic Peptides
Peptide
number Sequence Binding Activity (%)
1,0 2,0 3,0
31192 T MKSF INITLSLFLLHALYTIY]I Eg
31193 | 2 NNVA SKEIVKKYNLNLRNATI “
31194 | “ LNNN SQIENEENDIKYELXNE 80
31195 8 ONDE NVNTPIVGNSMEFGEGY ®
31196 | ® FSADDQKDIEAYKKAKQASQ 100
31197 | ™" DAEQ AAKDAENASKEAEEAAY 120
31198 | KEAV NLKESDKSYTEKAKEAC 140
31199 | TAAS KAKKAVETALEKAKDDAY 1680
31200 W RTAL KTSETPERKPSRINLEFS Y 180
31201 " RKTK EYAEKAKNAYEKAKNRA A 200
31202 |® YQXKA NQAVLKAKEASSYDYTI 220
31203 |2 LGCWE FCGGVPEHKKEENMLS Y 20
31204 | BELYV SSKDKENISKENDDVEL 260
31205 |®* DEKE EEAEETEEEELEEKNE Y 20
31206 |®*" EETE SEISEDEEEEEEEEKE Y 30
31207 | EENE KKKEQEKEQSNENNDGQ Y 30
31208 | ® KXDM EAQNLISKNQNNNEZ KNY 34
31209 | VKEA AESIMKTLAGLIKGNNY aﬁol—:
31210 |® QI DS TLXKDLVEELSKYFKNH 380
B Specific Binding Activity of the MSP-3 HABPs and Jumbled-Peptides
Peptide
number Sequence Binding Activity (%)
1,0 2,0
31193 | 2 NNVA SKEIVKEKYNLNLRNAI
VEVK SNTKNLNLRNAINAEY
31202 | YQKA NQAVLEKAKEASSYDYI
| KAQQ KEANSASYLDIXKVYAY
31209 | VKEA AESIMKTLAGLIKGNNY
ETAVAMKKNAGGIELSKLINY

Figure 1. Erythrocyte binding assays using PfMSP-3 peptides. (4) Each of the black bars represents the slope of the specific
binding graph, which is named specific binding activity. Peptides with 2% were considered as having high specific erythrocyte
binding (HABPs). (B) Specific binding activity for HABP peptide analogs; original and jumbled peptide sequences are shown to
the right, and the bars on the /eft represent specific binding. The numbers in the first column represent FIDIC’s internal code

number for those peptides synthesized.

Binding assay

Human erythrocytes (2 X 10%cells/pwL), obtained from
healthy donors, were washed in HBS buffer until the buffy
coat was removed and then incubated with different radi-
olabeled-peptide concentrations (10-200 nM), in the
absence (total binding) or the presence (nonspecific binding)
of 40 wM unlabeled peptide. The sample reached 200 wL
final volume with HBS and was incubated for 90 min
at room temperature (Urquiza et al. 1996; Curtidor et al.
2001; Rodriguez et al. 2003; Ocampo et al. 2004). The cells
were then washed five times with HBS and bound cell radi-
olabeled peptide was quantified in an automatic -y counter
(4/200 plus ICN Biomedicals, Inc). The binding assays were
performed in triplicate.

Jumbled-peptide binding assay

HABP sequences determined in the binding assay were
used in synthesizing the same peptides, but now in
jumbled order (i.e., the same amino-acid composition
as HABPs but having random sequence) and then tested
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in binding assays (Ocampo et al. 2004). The assays were
carried out in triplicate in conditions identical to those
described in the binding assay section. Synthesized pep-
tides are shown in one-letter code in Figure 1B.

Saturation assays

An erythrocyte binding assay was used to ascertain
saturation with all HABPs. The following modifications
were introduced: 1.5 X 10® cells were used at 255 pL final
volume and the radiolabeled peptide concentration was
between 0 and 800 nM. The unlabeled peptide concen-
tration was 40 wM. Cells were washed with HBS and a
v counter was used for measuring cell-bound radiolabeled
peptide (Yamamura et al. 1978; Weiland and Molinoff
1981; Hulme 1993; Urquiza et al. 1996; Curtidor et al.
2001; Rodriguez et al. 2003; Ocampo et al. 2004).

Enzyme treatment

Erythrocytes (5%) suspended in HBS buffer were treated
with 150 wU/mL neuraminidase (ICN 9001-67-6) at 37°C
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for 1 h, washed five times with HBS buffer, and centri-
fuged at 1000g for 5 min. Erythrocytes (5%) were simi-
larly treated with trypsin (Sigma T-1005) or chymotrypsin
(Sigma C-4129) in TBS buffer (5 mM Tris-HCI, 140 mM
NaCl [pH 7.4]) at final 0.75 g/mL concentration. After
incubation at 37°C for 1 h, they were washed five times
with HBS buffer to which 0.1 mM PMSF had been added.
Following enzyme treatment, these erythrocytes were
tested in HABP binding assays in previously reported
conditions. HABP binding was compared between
enzyme-treated and -untreated RBCs (Orlandi et al.
1992; Duraisingh et al. 2003).

Cross-linking assays

Radiolabeled HABPs were cross-linked to erythrocyte
membranes in the presence or absence of unlabeled
peptide for identifying specific erythrocyte binding
sites. The cross-linking binding test was performed by
using a final 1% cell concentration, followed by incuba-
tion with the radiolabeled peptide in the presence or
absence of 40 wM unlabeled peptide for 90 min at
room temperature. After incubation, cells were washed
with HBS and the bound peptide was cross-linked to
10 uM BS?, Bis (sulfosuccinimidyl suberate) (PIERCE),
for 20 min at 4°C. The reaction was stopped with 20 nM
Tris-HCI (pH 7.4) and washed again with HBS. Then
cells were treated with lysis buffer (5 mM Tris-HCI,
7 mM NaCl, 1 mM EDTA, 0.1 mM PMSF). The
obtained membrane proteins were solubilized in
Laemmli buffer and separated by SDS/PAGE (12%
[w/v] polyacrylamide gels). The gels were exposed on
BioRad Imaging Screen K (BioRad Molecular Imager
FX; BioRad Quantity One, Quantitation Software) for
2 d to determine which proteins had become cross-
linked to the radiolabeled peptides. The apparent molec-
ular weight was determined by using molecular weight
markers (New England BioLabs).

Merozoite invasion inhibition assay

Sorbitol synchronized P. falciparum (FCB-2 strain) cultures
were incubated until the late schizont stage at final 0.5%
parasitaemia and 5% haematocrite in RPMI 1640 + 10%
O + plasma (Trager and Jenson 1978; Lambros and
Vanderberg 1979). The cultures were seeded in 96-well cell
culture plates (Nunc), in the presence of test peptides at
20 and 100 wM concentrations. Each peptide was tested in
triplicate. After incubation for 18 h at 37°Cin a 5% O,/5%
CO,/90% N, atmosphere, the supernatant was recovered
and the cells stained with 15 wg/mL hydroethydine, incu-
bated at 37°C for 30 min and washed three times with PBS.
The suspensions were analyzed by CellQuest software using
a FACsort (Becton Dickinson immunocytometry system) in

Log FL2 data mode (Wyatt et al. 1991). Infected erythro-
cytes were treated with EGTA and chloroquine; uninfected
erythrocytes were used as controls.

CD measurement

CD assays were performed at room temperature on
nitrogen-flushed cells using a Jasco J-810 spectro-
polarimeter. Spectra were recorded in 190-260-nm
wavelength intervals using a 1-cm path-length rectangu-
lar cell. Each spectrum was obtained from averaging
three scans taken at a 20 nm/min scan rate with 1 nm
spectral bandwidth (corrected for baseline) using Jasco
software. TFE titration involved dissolving the lyophi-
lized purified peptides in the appropriate solvent: (1) 0.1
mM sodium phosphate buffer (pH 6.07) and varying
concentrations of TFE or (2) 0%-30% aqueous TFE.
Typical peptide concentration was 0.1 mM. The results
were expressed as mean residue ellipticity [Q], the units
being degrees X cm® X dmol — 1 according to the
[0] = QI /(100 Icn ) function where Q! is measured ellip-
ticity, / is optical path-length, ¢ is peptide concentration,
and n is the number of amino-acid residues in the
sequence (Adler et al. 1973; Johnson 1990).

Results

MSP-3 peptides specifically bound to human erythrocytes

Binding assays were used for determining specific ery-
throcyte binding activity for 19 synthetic peptides cover-
ing the total length of the MSP3 protein (McColl et al.
1994). Peptide binding activity was defined as being the
amount (in picomoles) of peptide that bound specifically
to erythrocytes per added peptide (in picomoles). HABPs
were defined as being those peptides showing activity
>2%, according to previously established criteria
(Urquiza et al. 1996; Curtidor et al. 2001; Rodriguez
et al. 2003; Ocampo et al. 2004).

As in other studies, three types of RBC binding beha-
vior were found for MSP-3: high specific binding
peptides (i.e., HABP-31209), peptides that did not bind
to RBCs (i.e., 31192), and high nonspecific binding
peptides where peptides bound to RBCs but there was
no inhibition with the same nonradiolabeled peptide
(i.e., 31201) (Vera Bravo et al. 2000; Garcia et al. 2002).

Three erythrocyte HABPs were found in MSP-3
peptides: 31193 (*'KSFINITLSLFLLHLYIYI*) in the
N-terminal, 31202 (**’YQKANQAVLKAKEASSYD
YI??) in the central, and 31209 (**'VKEAAESIMKTL
AGLIKGNNY?%) in the C-terminal domains (Fig. 1A).

Analogs containing “jumbled” sequences were syn-
thesized to investigate whether MSP-3 HABP binding
was due solely to their amino-acid composition or their
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Figure 2. Saturation curves for 31193, 31202, and 31209 HABPs. Increasing quantities of labeled peptide were added in the presence
or the absence of unlabeled peptide. The curve represents the specific binding. In the Hill plot (insef), the abscissa is log F and the
ordinate is log (B/Bmax — B), where F is free peptide, B is bound peptide, and Bmax is the maximum amount of bound peptide.

specific sequence. These jumbled peptides had the same
amino-acid composition as the high binding ones but in a
random sequence (33008, 33010, and 33011, respectively).
These peptides’ specific binding was less than that pre-
sented by the original HABPs (Fig. 1B).

Binding constants for erythrocyte HABPs

Affinity constants, number of binding sites per cell, and
Hill coefficients were determined for HABPs by satura-
tion assays and Hill analysis. The affinity constants (K, )
determined were 140 nM K, for peptide 31193
(*'KSFINITLSLFLLHLYIYI*), 260 nM for peptide
31202 *“"YQKANQAVLKAKEASSYDYI*?), and 215
nM for peptide 31209 **'VKEAAESIMKTLAGLIKG
NNY*) (Fig. 2). Hill coefficients were 1.5, 1.3, and 1.1,
respectively, suggesting positive cooperativity. The num-
ber of binding sites per cell was found to be 145,000,
90,000, and 150,000, respectively (Table 1).

Enzyme treatment

RBCs were enzymatically treated and tested in binding
assays with HABPS to determine the probable nature of
receptors on RBCs. Figure 3 shows the changes in HABP
specific binding when assayed for binding to enzyme-treated
RBCs compared to untreated RBCs specific binding. Spe-
cific binding was not modified for all HABPs when RBCs
were treated with neuraminidase; on the contrary, when
RBCs were treated with trypsin and chymotrypsin their
specific binding became notably reduced in all peptides,
especially in peptides 31193 and 31209.

Cross-linking assays

HABPs 31193, 31202, and 31209 recognized erythrocyte
membrane protein having apparent 45-, 55-, and
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72-kDa molecular weight bands in binding and erythro-
cyte cross-linking assays when erythrocyte membranes
and HABPs were cross-linked to BS*(Bis(sulfosuccini-
midyl)suberate) followed by separation in SDS/PAGE.
Radiolabeled peptide interaction with this protein was
inhibited when the binding was performed in the pre-
sence of an excess of unlabeled peptide, indicating that it
was a specific interaction. Peptides 31193, 31202, and
31209 are shown; scrambled peptide 33010 did not pre-
sent any recognition (Fig. 4).

Merozoite invasion inhibition assays

The possible role of MSP-3 HBAPs in in vitro merozoite
invasion was investigated. The peptides were added to
cultures at the schizont stage before merozoites became
liberated from infected erythrocytes. The effect of each
P. falciparum MSP-3 C27 strain peptide on merozoite
invasion was tested in in vitro cultures. Table 2 displays
the effects of high binding affinity peptides on parasites
in RBC invasion. Peptides 31202 and 31209 inhibited
parasite invasion (59% * 4%, 55% % 1%, respectively).
Peptide 31193 showed a higher inhibitory effect on
parasite invasion at 200 uM (85% = 2%). A significant
effect was found in invasion assays for all peptides at

Table 1. MSP-3 protein HABP constants

Peptide K, (nM) Hill Coef. Sites/cell
31193 140 1.2 145,000
31202 260 1.3 90,000
31209 215 1.1 150,000

Affinity constants (K,), Hill coefficients (nH), and number of binding
sites per cell are shown for MSP-3 HABPs. Affinity constants and the
number of binding sites were determined by analyzing saturation
curves. Hill analysis was performed from the saturation data.
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Figure 3. MSP-3 peptide binding to enzyme-treated erythrocytes. Peptide
binding was compared between enzyme-treated RBC and untreated RBC.
The bars represent the percentage of specific binding activity obtained when
radiolabeled HABPs were incubated with erythrocytes treated with
chymotrypsin, trypsin, and neuraminidase with respect to untreated ery-
throcytes.

200 pM and 100 pM. By comparison, the two low
binding affinity peptides tested and controls did not
have any effect on parasite inhibition invasion.

Circular dichroism analysis

High binding peptides did not present homology among
themselves; structural analysis, approximated by circu-
lar dichroism (CD), showed that there were some prob-
able structural elements (Fig. 5), though all MSP-3
HABPs displayed «-helix-like features according to
two 208- and 222-nm minimum values and 190-nm
maximum ellipticity (Fig. 4).

Discussion

Interactions between merozoites and erythrocytes dur-
ing initial contact are mediated by merozoite surface
proteins or the complexes that they form. It has been
suggested that these interactions are molecularly
mediated among specific receptors on the erythrocyte
membrane and merozoite ligands. Studies have shown
that merozoites use surface proteins that are involved in
the recognition and invasion process, such as MSP-1,
MSP-2, MSP-4, MSP-5, and MSP-8 (Smythe et al. 1988;
Holder et al. 1994; Marshall et al. 1997; Ocampo et al.
2000; Black et al. 2001). A better understanding of the
complex process of P. falciparum merozoite invasion
requires that the numerous potential parasite ligands
become identified and characterized. Studying interac-
tions between peptides and RBC receptors was carried
out as part of our approach using the conceptual frame-
work of the simple bimolecular interaction model,
employing MSP-3 protein sequences and normal
erythrocytes.

Nineteen nonoverlapped, 20-amino-acid-long pep-
tides covering the complete MSP-3 FC27 strain
sequence were characterized; specific MSP-3 normal
RBC binding sequences were identified by binding
assays. The binding assay results’ profile revealed three
erythrocyte  HABPs in  MSP-3: 31193 (*'KSFINI
TLSLFLLHLYIYT®) in the N-terminal, 31202
('YQKANQAVLKAKEASSYDYI*) in the central,
and 31209 (*VKEAAESIMKTLAGLIKGNNY?®) in
the C-terminal region (Fig. 1A).

All these HABPs showed saturable binding, having a
finite number of binding sites per cell. The affinity con-
stants suggested that these are important sequences in
parasite recognition of and binding to the host cell, due
to their high affinity (nanomolar).

Determining physicochemical constants revealed that
high affinity binding between HABPs and erythrocyte
surface proteins presented positive cooperativity (i.e., a
simple receptor—ligand interaction in which the binding
of a first ligand favored the entry of other ligands of the
same nature).

The number of binding sites per cell is correlated to
binding activity and found in the range of numbers
reported for erythrocyte surface proteins.

Analyzing binding sequences showed that these high
binding peptides had more than 60% charged amino-
acid composition respecting nonpolar amino acids.
Charge-dependent binding assays were thus done with
jumbled peptides to discard, finding that they did not
bind to the RBC or did so in much lesser percentages
with respect to the original peptide, showing the binding
was sequence dependent.

Another assay employed different enzyme treatments for
establishing the possible nature of HABP receptors. Trea-
ted erythrocytes were used for determining specific binding
to modified erythrocytes, finding that neuraminidase

MWM
kDa

— 80

- 48

Figure 4. Autoradiograph from HABP cross-linking assays. Erythro-
cyte membrane proteins were cross-linked with radiolabeled peptides
31193 (lanes 1,2), 31202 (lanes 3,4), and 31209 (lanes 5,6). (Lanes 7,3,5)
Total binding (i.e., cross-linking in the absence of unlabeled peptide).
(Lanes 2,4,6) Inhibited binding (i.e., cross-linking in the presence of
unlabeled peptide). (Lane 7) Total binding of scrambled peptide 33010.
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Table 2. Inhibition of parasite invasion to erythrocytes by
MSP-3 peptides

% Inhibition invasion

Peptide 200 pM*?* 100p.M*
31193 85*2 8*6
31202 59+4 381
31209 56+ 1 2+1
33010 61 2+1
31199 3+1 2+1
Control chloroquine 100 £ 1

Control EGTA 100 £ 1

Invasion and development inhibition assays. The assays were per-
formed as described in Materials and Methods at 100 and 200 uM
concentrations. 31193, 31202, and 31209 high binding affinity peptides
are shown as well as nonbinding peptide 31199 and scrambled peptide
33010. The percentage of merozoite invasion inhibition or intraerytho-
cyte development inhibition is shown with its respective standard
deviation. Chloroquine was used as control for the inhibition assays.

#Mean = standard deviation of three experiments.

treatment led to binding becoming drastically reduced for
all HABPs. Trypsin treatment presented the same behavior,
bearing in mind that neuraminidase removes sialic acid and
trypsin removes sialoglycoprotein surface components.
These treatments drastically affected all HABPs’ binding,
suggesting the glycoprotein nature of the receptor site.

Regarding the nature of the possible receptor for
these HABPs on the erythrocyte surface, studies with
SDS-PAGE and autoradiography have identified 45-,
55-, and 72-kDa proteins that are specifically inhibited
in the presence of the same nonradiolabeled peptide.
The results shown here showed that HABPs were bind-
ing to the same receptor on erythrocyte membrane, but
with different affinity.

Taking into account that glycophorins do not contain
a homogeneous population due to their different stages
of aggregation and the possible alterations that they
undergo during the erythrocyte’s life cycle, our results
lead us to suggest once more that HABP receptors are
glycoproteic. Another possibility is that the receptor
could be a protein associated with glycophorins. Analy-
sis of cross-linking revealed three (45-, 55-, and 72-kDa)
receptor proteins; their binding to these molecules was
inhibited when an excess of nonradiolabeled peptide was
present. This provides evidence of a specific interaction;
however, further studies are required for a precise defi-
nition of receptor molecules.

Previous studies have revealed a 27-amino-acid region
(184-210) corresponding to the 3D7 strain from the
C-terminal part that has been identified as being a target
for a protective antibody response in hyperimmune sera
samples (Oeuvray et al. 1994a). This sequence shares
part of the sequence for high binding peptide 31202,
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suggesting that these sequences present similar antigenic
determinants.

MSP3b ‘AKEASSYDYI ‘ LGWEGGGVPEHKKEEN
31202 YQKANQAVLK|AKEASSYDYI

Other studies have shown that heptapeptide
AXXAXXX domain structure sequence shapes predict
secondary a-helical structure formation (Mulhern et al.
1995). CD analysis (performed for obtaining general
information about the three HABPs’ structure) has
also shown a-helical structural elements. These HABP
peptides’ amino-acid sequences did not present homol-
ogy, leading to it being thought that this could be a
highly structured protein.

When HABPs were tested in in vitro invasion inhibi-
tion assays in P. falciparum cultures, it was seen that all
peptides were able to inhibit the invasion process by
55% to 85% at 200 wM concentration. Peptide 31202
presented a significant effect (38%) on merozoite inva-
sion inhibition at 50 wM, making it an interesting target
in developing tools for inhibiting P. falciparum mero-
zoite interaction with erythrocytes.

It has been widely demonstrated how merozoite sur-
face membrane antigens play a very important role in
the invasion process since sequences against these anti-
gens are able to inhibit it. This work has shown that the
MSP-3 protein could be mediating or participating in
recognition processes and that some of its sequences
have been able to inhibit the invasion process in in
vitro assays, suggesting a role for this protein in recog-
nizing and inhibiting invasion.
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Figure 5. Circular dichroism analysis of MSP-3 HABPs. a-Helix-like
structural elements were present in all HABPs; as maximum value was
presented at 190 nm and minimum values at 208 and 222 nm, this
suggested helical structural elements.



MSP-3 peptides binding to RBCs

Promising results have been obtained by identifying
specific RBC binding sequences, since they present bio-
logical activity in themselves or inhibit parasite invasion
to some degree. Our studies have involved the use of this
innovative methodology to allow high specific binding
sequences to be identified; as these have been very pre-
cisely modified they can make a nonimmunogenic
sequence into an immunogenic one and induce protec-
tion in experimental challenge in Aotus monkeys. They
thus represent an excellent tool for identifying possible
candidates to be used in developing a multistage, multi-
component anti-malarial vaccine (Espejo et al. 2004).
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